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 Introduction:
e Strengthening of titanium alloys
e Background of rapid heat treatment (RHT)
e microchemical Inhomogeneity
e grrain growth
e Examples of RHT:
e alpha/beta alloys
s Deta alloys
e SuUper strengith beta alloys
e Viedulated structure oifi alpha deukle-prime
martensiite
o Jlexture Controellied Grain Growith Kinetics at
Conitinueus Heating
e Conclusions
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Specific Strength of
Constructional Materials

--\-
iy

T[A]H Single crystal

Alloys 1 super alloys

Refractory
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Property Requirements for Titanium
Alloys In Aircraft Applications

microstructural ~ low density
stability (high specific strength)

N N

fitigue air frame
[ resistance structure

easy
formability

jet engine

oxidation
resistance cost-effectiveness
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creep high strenth
(low atomic mobility) high toughness
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Strengthening Mechanisms
of Titanium Alloys

1. Solid solutional
(alloying of a-solid
solution)

2. lextural

3. Dispersional

4. IHeterogeneous

(a(h.c.p.)z~>B(b.c.c.)
phase
transiormation)
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Beta transus
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Grain Size Dependence of
Ductility (scheme)
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Compromise: Bimodal
Microstructures

e 100um

- sensitive to a . volume fraction and size due to:
partitioning| efifiect;
o, texture.

- theretlore needs very: carefiul precessing

Structural Efficiency
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Treatment (RHT)

Backgreund off Rapid IHeat:
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Beta transus
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cooling
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heating rate;
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heating

above [-transus followed
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by instantaneous cooling;

» rapid continuous heating
Controlled parameters:

TECHNICAL ESSENCE:
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MICROSTRUCTURAL
FEATURES:

e full dissolution of primary a;

» small beta-grain sizes;

» fine lamellar/acicular intragrain
micrestructure fiormed
through:

I o+ alloys:
smartensite type
transhermation
ediiffiusion conitrelied
tiranshermation

oIl 5 alleys:
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Fine-Grained and
Coarse-Grained Microstructures

4

L0 pm
T S—

Structural Efficiency

100 pm



NATO Advanced Research Workshop
Metallic Materials with High

Structural Efficiency

Grain Structure Evolution
onh Heating

Dn _ D(I)l

Isothermal conditions:
D" - Dy =Ktexp(-Q/RT)
Continuous heating

I sotropic condition

Graine size

T<T,

Temperature

(KR/TQ){ |77 exp(~Q/RT, ) | | T exp( -Q/RT,-)]}

Textured condition

Temperature




Microchemical Inhomogeneity

Cy
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Structural Efficiency

dE .
C. —C.. )27 =
(Cpa "ﬁ)dT

1

or 708 ()02
oc, 1 0°C
6 Ta()0x2’

Starting conditions:

Co(x, 1) =Co s Cp(x,1y) =Cy

Boundary conditions:
Ca&T) = Cop () Cp(€,T) = Cy(T)

ax xX= d/2
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Strength

0=0,tkd1/2

Fragmentation in Fragmentation using volume
Unfragmented grain homogeneous phase concentrational modulation
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Examples oiff RIHT
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Strength

///_\|
Ductility |

Cooling rate

Strength/Ductility
Relationship in a+[3 Alloys

\
\
A
\
-

Effect of grain
refinement

TAC TWQ

TI-6Al-4V; WQ
grain size 500 mm: YS = 1105 MPa;
A5 = 4.6%;
grain size 80 mm: YS = 1105 MPa;
A5 =19,9%;
grain size 30-50 mm: YS = 1268 MPa;
UTS = 1349 MPa;
A5 =10.9%

V23 (T1-0.5Al-2.0Moe-4.5V-1Cr-1Fe);WQ
grain size 300 mm: UIS = 1350 MPa;

A5 = 1%;
graim size 20imm:  UIIS = 1900 MPa;

A5 = 6%:;
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Microchemical
Inhomogeneity of -Phase

AC= f(Cy,d,T.T,)
For C, =const; T :Tﬁ
AC = f(d.T)

Deviation AC, %

Ti-6AI-4V; C,=2.66
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Fatigue Crack Nucleation
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Fatigue Microcrack Propagation
In Fine-Grained TI-6Al-4V
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Beta-Transformed (Diffusion—-Controlled)
Fine-Grained Microstructures

Alloy Condition
Ti-6Al-4V LG/AC
FG/AC
Ti6242 LG/AC
FG/AC
IMI 834 LG/AC
FG/AC

116242

Omax Omax
107, | 10%
MPa | MPa
FG/AC 525 | 750
Bi-modal 500 | 675

Condition

Structural Efficiency
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Ductility of High Strength Beta Alloys
as a Function of Beta-Grain Size

0,,<1250 IPa

,,=1250-1300 iPa

Elongation, %

0,,>13001Pa

B-grain size, um
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NATO Advanced Research Workshop
Structural Efficiency

S—-N Curves of B-CEZ
and VT22

room temperature, R=-1, 50 Hz

© Microstructure c‘f Microstructure
o |
S 900 | 500 um R = 900 600 um | %
o) 60 pm 0 3 80 um O
S 800 - = 800-
?EL A . g' * O
Y < )
< 700 - 700 —
0 N 3 1
3 ] 0
@ %0 p.cEz @600 yT22
5007 T T T [N T [ T 500 T T T T T T T T T T
108 10 10° 108 107 103 10*  10° 10 10" 108

Cycles to Failure N

Cycles to Failure N £
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Micro—- and Macrocrack
Propagation in B—-CEZ

800 MPa 20 50 100 200 500

Microstructure

500 pm
60 pum

]/ R=-1,50Hz

_ - V4
Microcracks /
/)

da/dN (m/cycle)

Macrocracks
R=0.5, 30 Hz

T T I T
6 8 10 20
A K [MPam"]
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Super Strength Beta
Alloys
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Coil Spring

2

_ G
Volume = T—[ZP2 / R}

Weight = %[2P2/R]

G — shear modulus
o — density

I — shear stress

R — spring rate

P - load

IHitanium advantage as compared to Steels:
~25 Y In velume

=2 ter L InpweIghtc
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Cold Deformation In
Thermal Strengthening

The introduction of cold deformation between solution treatment and aging may
have a beneficial effect on the evolution of microstructure because dislocations
and other defects can modify the nucleation of alpha precipitates.

Additional recrystallization heat treatment results in a finer grain
microstructure that yields a better balance of strength and ductility.

The best way to control beta grain size during recrystallization is through the
use of continuous, rather than isothermal, heat treatment.

recrystallization
Beta transus

rapid

heating\

solid deformation
solutioning

Temperature
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Program Alloys

Alloy

Composition (wt. pct.)

Sn

\Y[0)

\Y/

Fe

Beta

T ransus

(°C)

V22

4.8

4.7

$1510)

T1-15-3

2.9

760

TIMETAL
-L.CB

6.6

7£9)0)

Three commercial beta titanium alleys Withl diffierent amounits oif;
peta-stabilizing elemenits wereused 1nl the presenit program.




Recrystallization Behavior
Continuous Heating at 5 Ks*

Closed and open
symbols correspond to
the start and Finish of

recrystallization,

respectively

©
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Temperature, °C
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TIMETAL-LCB recrystallized moere readily than 1=15-3, The
recrystallization ntervalwas narrewelr and the rechystallization
fin/sh temperatures were lower fior TIMETAL-LCE!
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Recrystallization Behavior
Continuous Heating at 5 Ks*

. : : Example:
70 pct. Reduction +
—a—\/T22 ) Continuous Heating

RN

(@)

o
|

— »— TIMETAL-LCB ||

Qo
o
|

()]
o
|

Beta grain size, um
n
o

N
)
|

20 40 60 80
Reduction, %
The narrower recrystallization interval and i uf.ﬁifq"nk? ' guuf'jx 2

i
bk

- - . - _..H._r;.-.\rla' A B A v
the' lower recrystallization; fi/s/temperature ””ﬂ‘fifuﬁﬁi“é“?’ oo

led to a hiner beta-grain size i FIMETAL-LCB
Tor a given set oiff prrocessing parameters.
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Aging Response

Microstructure

T1-15-3 after aging at 560°C for 8 h

Cearse-graimed Eine-graimed

Alpha preciprtation hegan earlier n samples withrsmaller beta
gramsand resulited n larger ameunits oy precipitate and
neticeably fewer precipitate-hiree Zones.



o
o
e
9p)
Y4
—
=
e
O
b
(©
b
p)
&)
ad
©
b
O
-
©
>
©
<C
O
I_
<<
Z

Structural Efficiency

Intragrain Microstructure
In TIMETAL®-LCB

Influence of aging time, T=560°C
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Intragrain Microstructure
In TIMETAL®-LCB

Influence of aging temperature, t=8 h

b T T ']

Structural Efficiency
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Mechanical Properties of LCB:
Influence of Grain Size

Solid Reduc- | Recrysta-

solutioning tion, % | llization

B-furnace brittle failure

B-furnace 6.8 24

B-rapid 5.0 19
heating

B-rapid 8.2
heating
B-rapid
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Aging: 538°C, 8h

o
o
e
9p)
Y4
—
=
e
O
b
(©
b
)
&)
ad
©
b
O
-
©
>
©
<
O
I_
<<
Z




o
o
e
9p)
Y4
—
=
e
O
b
(©
b
p)
&)
ad
©
b
O
-
©
>
©
<C
O
I_
<<
Z

L
=
1
L
=
=
1%
©
-
(D]
)
©
=
O
I
)
(D)
=

>
(&)
-
@
(&
=
[V -
LL
@©
| -
)
o’
&)
>
| -
)
)

Aging Response

Influence of Heating Rate

TIMETAL-LCB

538°C, 2 h

676 °C, 75 min

0.033 Ks! 20Ks*

Wiith slew: heating, omega precipitation preceded nucleation off the alpha phase and
resulited in a very fine and uniferm microstructure. Rapid heating depressedi the
Intermediate stages oiff decomposition resultinglin the formation oiff a nenunifiorm,
coarse structure oiff alpha, apparently’ generated via a shear mechanism. lfhe enly
diffference was that the transition Between, the two precipitation mechanisms
oceurred at a much slower heating rate due to the generally slower precipitation
kinetics.
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Aging Response

Microstructure

The aged microstructure was greatly affected by residual deformation
substructure if recrystallization was nonuniform such as in the case of low
cold reductions.

partially recrystallized Ti-15-3
after aging at 538°C for 4' h
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Alpha precipitation wasi markedly dififierenit in the recrystallized and the
recovered areas. Ithe much Hiner precipitate structure In recovered regions
sliggests that continueus heating| Inte the recovery/-temperature range may.
provide a sulbstantially~-impreved lbalance oiff mechanical properties in beta-
titanium: alleys:
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Strength of Titanium Martensite
with Different Crystal Structure

Concentrational dependence Temperature dependence
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Lattice Parameters of
o’ —-Martensite
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Two Dimensional Modulated
Structure In h.c.p. Solid Solution
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Diffraction Effects of
Modulated Structure

Deformation under the action of coherent stresses
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Thermodynamic Analysis of
h.c.p. Solid Solutions

Full mixing energy.

T1T1 MeTi

xy-2W,, " (v

Deformation part
MeMe (k) ~ F’i* (k)é/]’u (k)ﬁj v(k) + Q 5'
Up P2
MeMe — im
0)=-v,.0""L,,;, +0,0,

Electrochemicall part

MeMe (k) Z¢M6Me (R)CXp(-lk ER)

By (1) = (A4 Ay exp(—(; +b,)r )"



Fourier Components of Full
Mixing Energy
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Stability of h.c.p. Solid
Solutions

martensitic
trans formations

‘ isomorphous

Ti-Mo o
decomposition
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Tensile Curves of
Modulated Structures

Modulated structure
-

modulatio

strength level Df_ L
non-modulated structure
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Growith Kinetics at
Continueus Heating

Texture Controlled Grain
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Grain Growth upon Continuous
Heating

Isothermal conditions:
D" - Dy =Ktexp(—-Q/RT)
Continuous heating conditions
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Influence of Texture on

Beta Grain Sizel

150C| Ti-6A-4V | 1250°C
E i =00
f L] B [ \

, " = | Lot A
g 1 Lot A % \
e 20 Lot B

Lot B
100 S e 100

1 10 100 1 10 100
§ (°Cls)

Metallic Materials with High
Structural Efficiency

I'S. L. Semiatin, P. N. Fagin, M. G. Glavicic, I. M. Sukonnik, O. M. Ivasishin
Mater. Sci. Eng. A299, 2001, 225
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Preparation of Starting
Materials

Ti-6Al-4V: Ti-6,05Al1-4.40V-0.15Fe

Beta solid solutioning

Beta transus
Deformation  Annealing

Temperature
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Beta Grain Growth Kinetics for
the Ti-6Al-4V Alloy

Grain Size
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Beta Grain Growth Kinetics
for the VT16 Alloy

0.42 K/s
5 K/s
50 K/s

|
- A

Beta grain size

| |
o* | A A

0 y T ¥ T ¥ T ¥ T ¥ T ¥ T ¥ T ¥ T
850 900 950 1000 1050 1100 1150 1200 1250
(0]
Peak temperature, C

e
KoY
T 2
=y
S 2
0 E
© o
—
Qc
© 35
=B
o 2
—
w V)
e
(D)
=

WAIF = Weak: textured condition
S - strongl textured conaition
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Cyclic Texture Evolution in Ti-6Al-4V Alloy
Leading to Discontinuous Grain Growth

Initial
RD
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During continuous heating, the texture of titanium alloys undergo a cyc-
lic evolution leading to alternating stages of fast and slow grain growth
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Typical Beta Grain Growth Behavior
Based on Experimental Data

Grain Size

Peak Temperature

e discentinueus ChakaCLerr Oif Oiali grewiii Gl9SErved oK the Strong
textured  materiall, hor WHICH PEReds, ol sliow and hast: grain grewiia
alternates, are the result oiff the periedic texture eveluition:



Mobility of Boundaries Depending
on Texture

: Relative GB mobility :
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3D Monte Carlo Simulation of
Texture Controlled Grain Growth

Program complex based
on TfTor computationally-
efficient 3D Monte-Carlo
algorithm was developed
to quantify the inter-
action of grain growth
and texture development
during the beta annealing
of titanium alloys
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Outputs quantified the evolving texture in terms of pole figures or
crystallite orientation distribution functions and statistics on the
grain structure such as the grain-size distribution and
grain boundary misorientation distribution function.
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MC Simulation Features

Metropolis orientation flip probability
M ; exp(-AG/ k,T); AG >0,
AG <0,

o
o
i
gc
= O
= L >
5 25
S =G
O 9L
v © L
CD':_
0:8“5
8 E3
o =73
S = S
= @ W0
O =
< O
OE
|_

<C

=




MC Simulation Features

Texture

surerd Jo roquinnN

modeling volume 2503 MUs
up to 200 000 grains
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MC Modeling:
Grain Growth Kinetics in Two-Component
Textured Material

Cyclic texture evolution and volume fraction of the texture component A

Component A volume fraction, %

1000 2000

Kinetics) oy the average: giainisize in the medelingvellume: perieds
Eify Slev and hasis graii grewith arer therresuliz el the
PEriediC texture evelution
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MC Modeling:
Abnormal Grain Growth in Heavily
Textured Material

Microstructure
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MC Modeling:
Application to the Titanium Alloys
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Initial textures' of two lots of Ti64 alloy used in simulation
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N\ MC Modeling:
- Application to the Titanium Alloys

Average Grain Size

1000 O O O OO
1000 1250 1500 1750 2000 2250
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MC simulated grain growth Kinetics at isothermal
annealing conditions for two lots of Ti64 alloy
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Conclusions

Fine-grained fully B-transformed
microstructures processed with Rapid Heat
T reatment provide an attractive combination
of tensile, fatigue, and fracture
characteristics of titanium alleys. Main
micrestructurall features fiaverably
Influencing the mechanical properties are
shorter length off iIndividual alpha plates anad
sherter length off Individual graim veundary.

Chemical Inhemoegenelty: e high-temperature
peta phase allows gradient micrestructures
Lo herm WhIch; BeIng eptimized,; exnibIt an
Improved balance: oiff strengtih anal ductilirty.
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Conclusions
(continued)

Additional cold work has proved to be
beneficial in further refining the grain
structure using rapid recrystallization
annealing. Grain sizes ofi the order of 10 um
and below reguired to maximize strength
whillst maintaining ductility has been
received.

Moedulated on nanescale level structure oiff a*
martensite wasiexplained hirom
thermodynamic point oiff view: I't has preved
10 e responsible fior nightievel off strength
PrepPerties.
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Conclusions
(continued)

Grain growth during beta annealing of
titanium Is strongly afffiected by texture.
Periods off rapid and slow grewth can be
related to the evolution of texture during
annealing.

Many: fieatures oifi such texture-controlled
girain grewitiar cani e reproduced Using an
advanced! Monte-Carlo (IVIC) medelling
technigue that was developed! to clariify, the
INteraction ol grain growith and texture
evelution.
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Problems Encountered

Technical:

»> special equipment adjusted to sizes is needed

Metallurgical:

» results achieved strongly depend on many parameters of little
consequence during conventional thermal processing

» continuous phase and structural transformations need “in-depth”

understanding of the effect of heating rate
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